Abstract. Serological assays for diagnosis of Venezuelan equine encephalitis virus (VEEV) currently require biosafety level 3 facilities and select agent certification to produce antigens, reference sera, or viral stocks. Rapid identification of VEEV infection is required to respond to human and equine outbreaks of encephalitis caused by that virus and can be useful for epidemiologic surveillance. Alphavirus (Sindbis)-based recombinant viruses that express VEEV structural proteins are attenuated in animal models, thus representing an alternative to the handling of virulent infectious virus. Virus and viral antigens from recombinant Sindbis/VEE constructs engineered to express structural proteins from multiple VEEV subtypes were evaluated as diagnostic reagents in VEEV-specific serological assays, e.g., plaque reduction neutralization test (PRNT), hemagglutination inhibition (HI) assay, and complement fixation (CF) test. Chimeric viruses were produced efficiently in cell culture and were as effective as the parental virus for identifying infection of humans, horses, and rodents in these serological assays.
INTRODUCTION
Venezuelan equine encephalitis virus (VEEV) is an alphavirus (family Togaviridae, genus Alphavirus) and a member of the VEE complex, which comprises six distinct antigenic subtypes (I-VI). Generally, human and equine pathogenicity correlate with the antigenic subtype. Specifically, major human epidemics and equine epizootics have been associated with subtypes IAB and IC. [1] [2] [3] [4] [5] Enzootic transmission is generally associated with subtypes ID and IE, which are usually less virulent in horses. 6 In contrast, the epizootic subtypes IAB and IC are highly pathogenic in horses, with case fatality rates of up to 83% reported. 6 The most recent major outbreak occurred in 1995 in Venezuela and Colombia in which 75,000-100,000 human cases occurred, with more than 300 fatal encephalitis cases. 7 This epidemic was exclusively associated with VEEV subtype IC. 8 However, the epidemiologic partition of these subtypes is not exclusive. For example, in 1993, equine disease was associated with VEEV-IE in Mexico 9 ; in the period between 1993 and 1995, human cases of VEEV-ID-associated disease occurred in Peru. 10 Thus, identification of the VEEV subtype is critical for epidemiologic surveillance, including the serological monitoring of sentinel rodents and horses to determine the potential for equine-associated amplification, for tracking of deliberate VEEV dissemination as a bioterrorist agent, or for assessment of vaccine efficacy.
Currently, VEEV infection is diagnosed principally by direct detection, e.g., nucleic acid [11] [12] [13] or virus isolation from acute-phase serum or spinal fluid 14 or by serological assay, e.g., detection of VEEV-specific IgM in the cerebrospinal fluid using IgM capture enzyme-linked immunosorbent assay (ELISA) or using monoclonal antibody-based antigencapture ELISA [15] [16] [17] [18] [19] at the time of clinical encephalitis. The plaque reduction neutralization test (PRNT), which like IgM-ELISA is useful in distinguishing VEEV from other alphaviruses, does not accurately identify the infecting VEEV serotype. Recently, a VEEV-specific blocking ELISA was described that also identified serotype-specific antibodies to VEEV in well-characterized serum from VEEV-infected humans, horses, and mice. 20 Currently, diagnostic laboratories that produce VEEV antigens, reference sera, or viral stocks for biologic assays are required to perform the work in BSL-3 facilities; these facilities also must be registered and approved for the use of select agents. Although the TC83 vaccine strain can be handled in BSL-2 facilities, it can only be used to identify VEEV-IAB subtype infections. In addition, for their own protection, laboratory personnel working with VEEV should be vaccinated with TC83, which is administered solely by the U.S. Army. This reduces the capability of nonselect agent laboratories to diagnose cases and to respond to natural outbreaks or deliberate introduction of VEEV as a weapon of bioterrorism.
To increase the safety of laboratory workers as well as to enable larger numbers of laboratories to perform diagnostic work in the event of emergency, we created chimeric alphaviruses that are highly attenuated, that are consequently not classified as select agents, and that can potentially be used in BSL-2 facilities. We believe these viruses may enable state and local public health laboratories to do future diagnostic work without handling the wild-type pathogen, thereby eliminating the need to transport or distribute virulent VEEV.
Alphavirus (Sindbis)-based recombinant viruses engineered to express VEEV structural proteins are attenuated in mice and hamsters. 21, 22 Thus, recombinant Sindbis-VEE virus technology offers the prospect of detecting VEEV without the use of viral particles or antigens prepared from virulent virus stocks. The structural proteins of VEEV are comprised of the capsid and the envelope glycoproteins E2 and E1, 23, 24 which project from the virion as protein spikes formed by E1/E2 heterodimers. [25] [26] [27] [28] The E2 protein is the principal target of neutralizing antibodies in the acute phase of infection, and VEEV serotypes are conferred by E2-specific antibody recognition. 29 Therefore, we hypothesized that specific antigen-antibody recognition would occur in serological assays using Sindbis-VEE viruses that express VEEV structural proteins, thereby permitting the diagnosis of VEEV infection. /VEE viruses (varieties  IAB, IE, ID, and IF) using the TRD, TC83 (the attenuated  vaccine derivative of TRD),  21,22 ZPC738,  21,22 68U201 , and 78V-3531 strains of VEEV (Figure 1 ). Previous studies demonstrated that inoculation of mice with the SIN/83, SIN/ZPC, or SIN/TRD chimeras did not result in pathogenicity, e.g., observable clinical disease, tissue pathology, or death of animals. 21, 22 In this study, we also evaluated the safety of the recombinant SIN/68U201 and SIN/78V-3531 viruses in mice. We then tested the ability of chimeric SIN/VEE viruses for use in accurately identifying VEEV infection of horses, humans, or rodents using three serological assays: plaque reduction neutralization test (PRNT), hemagglutination inhibition (HI) test, and complement fixation (CF) test.
We constructed recombinant Sindbis

MATERIALS AND METHODS
Cell culture. BHK-21 cells, provided by Dr. Paul Olivo (Washington University, St. Louis, MO), were maintained at 37°C in minimum essential medium (MEM, Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS) and vitamins.
Viruses. Sindbis strain AR339 (SINV339) 30 and the attenuated VEEV strain, V3526 (a derivative of the virulent TRD strain, in which lethal mutations were introduced into the PE2 furin cleavage site of an infectious cDNA clone, followed by selection of a second-site suppressor mutation in the E1 glycoprotein gene), 31 strains of VEEV, respectively. Maps and sequences of the plasmids are available from the authors upon request. Animals. Pregnant female NIH Swiss mice were purchased from Harlan (Indianapolis, IN). Newborn mice were maintained for 6 days after birth in an Animal Biosafety Level-3 (ABSL-3) facility prior to experimental infection. All animal infections using virulent VEEV, SINV339, and chimeric SIN/ VEE viruses were carried out at in ABSL-3 facilities in accordance with animal protocols approved by the UTMB Animal Care and Use Committee.
Virus stock. Plasmids were purified using standard protocols by centrifugation in cesium chloride gradients. They were linearized using the XhoI restriction enzyme site immediately downstream from the poly(A) sequences. RNAs were synthesized using SP6 RNA polymerase (Invitrogen) in the presence of a cap analogue. The yield and integrity of transcripts were monitored by agarose gel electrophoresis in nondenaturing conditions. For electroporation, aliquots of transcription reactions were used without additional purification, and RNAs were transfected into BHK-21 cells. 42 Viruses were harvested after development of cytopathic effects, usually at 24 hours after electroporation. Viral titer was determined as previously described.
21,22
Animal infections. Six-day-old female NIH Swiss mice were infected via subcutaneous route with 1 × 10 5 PFU of VEEV strain V3526, SINV strain AR339 (SINV339), or the following chimeric SIN/VEE viruses: SIN/83, SIN/68U201, or SIN/78V-3531. Animals were monitored daily for 28 days, and mortality was recorded.
Plaque reduction neutralization test (PRNT). Previously characterized sera were obtained from the following sources: (1) humans in a VEEV-IE-endemic area of Mexico 20 ; (2) humans vaccinated with TC83 (identification nos. X01-X06); (3) experimentally infected horses 43 ; (4) experimentally infected mice 20, 44 ; or (5) defined monoclonal antibodies (mAb) to VEEV-IAB: mAb 3B4C-4 45 and 1A3A-9. 36 Serum samples were used for PRNT performed on BHK-21 monolayers, as follows. The chimeric SIN/VEE or parental virus (IAB/C, ID, or IE) was incubated for 1 hour at 37°C with serial 2-fold dilutions of sera ranging from 1:20 to 1:1280 for serum or to 1:20,480 for mAbs. Subsequently, cell monolayers were incubated with serum/virus mixtures for 1 hour at 37°C, overlaid with 0.5% agarose, maintained for 36 hour at 37°C, and stained with crystal violet. 46 The PRNT titer is presented as the reciprocal of the serum dilution capable of neutralizing 80% of PFU of the parental or chimeric virus.
Hemagglutination inhibition (HI) test. HI antibodies to antigens from the indicated chimeric SIN/VEE or parental virus were measured by a standard method. 46 Briefly, antigens for the HI were prepared from mosquito (C6/36) cells infected with the indicated chimeric (SIN/68U201, SIN/ZPC, or SIN/ TRD) or parental (SIN AR339 strain or VEEV IQT1724 strain) viruses, and, as controls, antigens from uninfected mosquito cells. All were extracted using acetone. Serial dilutions of serum, also extracted in acetone, were mixed with 4 units of antigen. After overnight incubation at 4°C, goose erythrocytes suspended at a dilution of 1:200 at the optimal pH for each antigen were added. The mixture was left for ≈ 15 minutes at room temperature. The HI titers of the serum are reported as the reciprocal of the highest dilution at which hemagglutination was inhibited.
Complement fixation (CF) test. Antigens for CF tests were prepared as described for the HI test, but were not extracted using acetone. CF tests were performed by a microtechnique 46 using 2 units of guinea pig complement. Antigen, serum inactivated at 60°C for 20 minutes, and complement were incubated together at 4°C overnight. Subsequently, a mixture of sheep red blood cells and rabbit antiserum was incubated for 30 minutes at 37°C. The titer was recorded as the reciprocal of the highest dilution giving 3+ or 4+ hemolysis on a scale of 0 (negative ‫ס‬ complete hemolysis) to 4+ (positive ‫ס‬ no hemolysis). 47 
RESULTS
Chimeric SIN/VEE viruses are attenuated in 6-dayold mice. The constructs we have used in this study are shown in Figure 1 . In prior studies, we demonstrated the safety of chimeric viruses SIN83, SIN/ZPC, and SIN/TRD in mice and hamsters. 21, 22 In this study, we used the same murine infection model to evaluate the safety of newly constructed chimeric viruses, SIN/68U201 and SIN/78V-3531, containing the structural protein-encoding regions from virulent IE and IF subtypes, respectively. For comparison, we evaluated the attenuated VEEV vaccine strain, V3526, which was created from a cDNA clone of the virulent Trinidad Donkey (TRD) strain. 31 Subcutaneous infection of 6-day-old NIH Swiss mice with 1 × 10 5 PFU of chimeric SIN/68U201 or SIN/78V-3531 virus did not result in death in any of the infected mice over a 16-day period, whereas the attenuated VEEV vaccine strain 3526 (V3526) and the prototype Sindbis strain AR339 (SINV339) were uniformly lethal at 4 and 6 days following infection, respectively. As was shown previously 21, 22 and also confirmed in this study, 100% of SIN/83-infected 6-day-old mice survived. Thus, chimeric SIN/VEE viruses or viral antigens prepared from these chimeras were further evaluated as alternative reagents in VEEV-specific serological assays, e.g., PRNT, HI assays, and CF tests.
Serum antibody of VEEV-infected horses and humans neutralizes chimeric SIN/VEE viruses. We assessed the ability of well-characterized serum from naturally and experimentally infected humans and horses to neutralize the chimeric SIN/ VEE viruses in comparison to the parental VEE virus using PRNT (Table 1) . Sera 503, 525, 545, and 168 tested positive for VEEV using the parental as well as the chimeric viruses, with titers in the range of 160-320 or 20-640, respectively, for the corresponding subtype. Serum 505 tested positive overall at the lowest dilution tested (1:20) against the parental 68U201 strain, which is the strain that circulates in the area where the sample was obtained; however, this sample tested negative at this dilution against the chimeric SIN/68U201 virus (Table 1A) . Thus, although generally 1-to 2-fold differences in titer were detected using the parental versus chimeric virus titer, testing of replicate 1-to 2-fold serum dilutions is recommended for this assay. Among the TC83 vaccinees tested, three of six serum samples tested (X01, X02, and X05) were strongly positive, with reciprocal 80% PRNT titers ranging from 80 to 320 when tested with either the parental or chimeric virus. Two of the six serum samples (X03 and X04) tested weakly positive against the subtype matched parental viruses, with reciprocal titers ranging from 20 to 40, and one of the six serum samples (X04) tested negative using the chimeric viruses. Among the six, serum from one TC83 vaccinee (X06) tested negative with parental as well as the chimeric viruses. Our results further show that chimeric SIN/VEE viruses are neutralized at a similar dilution as the parental viruses, with no more than 2-fold variation in the PRNT titer compared with the corresponding parental VEEV. For all TC83 vaccinees that tested positive in this PRNT, the ability of sera to neutralize ID virus subtype ZPC or recombinant SIN/ZPC was marginally less efficient compared with the IAB type, with titers 2-to 4-fold lower than for IAB virus neutralization.
Serum from horses infected with VEEV-IE tested positive in PRNT, with 2-to 128-fold differences in titer between 42 and for T1, T2, and T3, serum was obtained from the same horse at different time points, as indicated. "0 dpi" indicates pre-convalescent serum sample; dpi, days post infection; NT, not tested due to limited serum availability; −, negative.
‡ NIH Swiss mice infected with ZPC738, designated by "h". Defined anti-VEEV (IAB) monoclonal antibodies (mAb), 45, 36 designated by "i". NT, not tested due to limited serum availability.
subtypes. Further, titers observed for parental and chimeric virus were either similar or higher when using the chimeric viruses. Although titers were more variable for the VEEV-IC-infected horse sera (20-640 for parental virus; 20-1280 for the chimeric virus), comparable titers were observed for the matching subtypes. For serum obtained from two different horses at 8 weeks (Horse 2, T2) and 14 weeks (Horse 3, T3) following VEEV-ID infection (Horse 2, Horse 3), PRNT was positive with similar titers obtained for the parental and chimeric virus, but, as expected, was negative at 0 weeks (Horse 1, T1). For horses infected with VEEV subtype IAB (EqIABa, EqIABb), the chimeric viruses consistently generated higher titers than the parental strains and typically had higher homologous than heterologous titers.
To confirm the utility of SIN/VEE viruses in testing of sera from VEEV-infected rodents, we evaluated sera from NIH Swiss mice experimentally infected with ZPC738 (serotype ID) in PRNT (Table 1C) . Our results indicate that all mice were VEEV-antibody-positive, as expected, when tested with all the parental viruses (TC83, ZPC738, and 68U201). In assays with TC83 virus (IAB subtype), the titers were lower overall, ranging from 40 to 640. For the matching mouse serum sample, 2-to 4-fold differences were observed between the titers that neutralized the parental IAB-type versus IDtype virus. Positive PRNT results were also obtained using the chimeric SIN/VEE viruses. In PRNT assays with the infecting subtype, ZPC738, titers ranged from 160 to 1280. In matching serum samples, the parental and chimeric virus produced identical results for the majority of the sera (5/7 tested) with no greater than 2-fold difference between titer in assays using the corresponding parental versus chimeric viruses, i.e., TC83 versus SIN/TRD. PRNT was positive using E2-specific antisera 3B4C-4 and 1A3A-9, with the highest titer against SIN/TRD and SIN/68U201, respectively.
Chimeric SIN/VEE viruses can be used to evaluate the reactivity of defined VEEV-specific serum in standard serological assays. We further tested the ability of VEEV-specific antiserum to recognize the antigens of chimeric SIN/VEE viruses using two standard serological assays, HI and CF test. The results of HI testing are shown in Table 2 . In HI, SINVspecific antiserum tested positive against SINV antigens at a titer of 2,560; in contrast, HI results were negative when the SINV antiserum was tested against antigens from VEEV-ID or any of the chimeric SIN/VEE virus types. Conversely, VEEV-specific antiserum tested positive at a titer of 5,120 against antigens from VEEV-ID and all chimeric SIN/VEE viruses, whereas the titer was 32-fold lower (titer of 80) against SINV antigens. As expected, the media-only control was negative when tested with either the SINV-or VEEVspecific antiserum. VEEV-negative serum, which was tested as an additional negative control, did not show reactivity with SINV, VEEV, or any of the chimeric viruses. These HI results indicate that antigen recognition of the chimeric SIN/VEE viruses tested in this study are highly VEEV-specific, and thus, these recombinant viruses can be used as antigen equivalents of the virulent parental VEE viruses in serological assays to evaluate VEEV-positive sera.
The results of CF testing are shown in Table 3 . In CF test, VEEV-specific antiserum tested positive at titers ranging from 512 to 1,024 when evaluated against VEEV-ID or the chimeric SIN/VEE virus antigens at dilutions of Ն 1:8; however, the titer was substantially lower (32-to 64-fold; 1:16) when VEEV antiserum was tested against the same dilution of SINV antigens. On the contrary, SINV-specific antiserum tested positive in CF test against SINV antigens but showed no reactivity against antigens from VEEV or any of the chimeric SIN/VEE viruses. No positive reactions were observed for the media-only control when tested against either the VEEV or SINV antiserum; likewise, no positive reactions were obtained for VEEV-negative serum tested against antigen from any of the parental or chimeric SIN/VEE viruses. Thus, as demonstrated using the HI assay, CF test using antigens from chimeric SIN/VEE viruses yield identical results to that obtained using antigens prepared from virulent parental VEE viruses.
DISCUSSION
Our study of VEEV vaccine candidates suggests that virulence in mice may be correlated to the safety profile in humans. The SIN/VEE chimeric viruses we have used for diagnostic assay are less virulent in mice and hamsters than the TC83 and V3526 strains, as shown in this report as well as in previous studies in our laboratory. 21, 22 TC83 has been extensively used to vaccinate at-risk humans as well as horses during epizootics 34 despite its infrequent association with febrile, systemic illness and other adverse effects. 48 Indeed, TC83 vaccination results in residual virulence in mice; it is uniformly lethal for C3H/HeN mice after intracerebral inoculation, and produces clinical illness in BALB/c and C3H/HeN mice up to 14 days after subcutaneous inoculation. 49 In 6-dayold NIH Swiss mice, TC83 was also uniformly lethal at 6 days following subcutaneous inoculation. 21, 22 The prototypical virulent Sindbis virus, strain AR339 (SINV339), 30 which is pathogenic for neonatal CD-1 mice, 50 was also virulent in our animal model system employing 6-day-old NIH Swiss mice. Nevertheless, the pathogenesis of VEEV variants is animal model-dependent. Thus, although the V3526 strain, a derivative of the virulent TRD strain, 31, 32 was attenuated in subcutaneously infected adult C57BL/6 mice, Syrian hamsters, 51 and non-human primates (macaques), 52 in our murine model, V3526 was more virulent than SINV339. In contrast, all mice survived infection with the SIN/VEE chimeras-SIN/68U201 † SINV-specific antiserum was hyperimmune ascitic fluid obtained from mice immunized with SINV strain AR339; VEEV-specific antiserum was immune ascitic fluid obtained from mice infected with VEEV strain TC83; control serum was ascitic fluid obtained from uninfected mice.
‡ The coding region for structural genes was derived from the following VEEV strains: 68U201 (subtype IE 1 ), ZPC738 (subtype ID 2 ), and TRD (subtype IAB 3 ), as shown in Figure  1 . For chimeric SIN/VEE viruses, the replicative machinery was derived from the Sindbis (SIN) virus Tota1101 strain. 54 § SIN and VEEV-ID antigens were obtained from the AR339 and IQT1724 strains, respectively.
and SIN/78V-3531-when monitored for 28 days. Thus, chimeric SIN/VEE viruses have improved safety relative to the TC83 and V3526 strains of VEEV.
SIN/VEE chimeras were useful alternatives to the virulent parental VEE viruses for antiserum production in mice and for serological assays. Provided that these chimeras retain the antigenic structure conferred by the parental VEEV structural proteins, we hypothesized that it would be advantageous to use these attenuated viruses in place of the virulent parental VEE viruses in VEEV-specific serological assays. Our study shows that alphaviruses can be manipulated in a similar manner to closely related flavivirus chimeras, which have been used successfully as safe diagnostic reagents. 53 The PRNT, CF, and HI results reported here suggest that recombinant SIN/VEE viruses may be useful for evaluating the efficacy of TC83 and other vaccine candidates currently in development. As sera from mice experimentally infected with virulent ZPC738 can be evaluated efficiently via PRNT, we foresee that these recombinant viruses will be useful in future surveillance of sentinel rodents for VEEV infection in endemic areas.
Notably, we demonstrate that the chimeric viruses serve effectively as surrogates for the virulent parental viruses in PRNT, HI, and CF tests. The results of PRNT, CF, and HI tests indicate that these recombinant SIN/VEE viruses can be used to assess whether sera from infected humans, horses, and rodents contain antibodies that recognize VEEV. In PRNT, positive results were obtained for infected sera tested against all parental VEEV and matching chimeric SIN/VEE viruses, indicating that neutralizing antibody is likely raised to an epitope shared by all three subtypes. Thus, PRNT using either the parental or chimeric viruses could not effectively and consistently distinguish the infecting VEEV subtype (Table 1) , as reported by others. 20 Similarly, HI and CF tests with defined VEEV-antiserum recognized VEEV in tests using antigens from either the parental or chimeric SIN/VEE virus, with identical titers for nearly all viruses used (Tables 2 and 3 ). The ability to differentiate between antigenic subtypes IAB, IC, ID, and IE would be advantageous for epidemiologic and diagnostic analysis and furthermore, may lead to a better understanding of the pathogenesis of VEE subtypes. We anticipate that these chimeric SIN/VEE viruses 21, 22 can be used for a variety of serological tests and can be used to produce subtype-specific reagents, as previously shown for anti-ID and for anti-IAB sera 21, 22 because all of these chimeric viruses are capable of inducing production of neutralizing antibodies in mice, hamsters, and some of them in equines (data not shown). Finally, these chimeras will facilitate mechanistic studies, e.g., host cell infection by enveloped viruses, structural studies of VEEV proteins, in addition to enabling diagnostics without the requirement for special shipping permits and establishment of high-level biosafety facilities, thereby avoiding additional regulatory impasses to the study of VEEV. † SINV-specific antiserum was hyperimmune ascitic fluid obtained from SINV-infected mice; VEEV-specific antiserum was immune ascitic fluid obtained from VEEV-infected mice; control serum was ascitic fluid obtained from uninfected control mice.
‡ The coding region for structural genes was derived from the following VEEV strains: 68U201 (subtype IE 1 ), ZPC738 (subtype ID 2 ), and TRD (subtype IAB 3 ), as shown in Figure 1 . For chimeric SIN/VEE viruses, the replicative machinery was derived from the Sindbis (SIN) virus Tota1101 strain. 54 § SIN and VEEV-ID antigens were obtained from the AR339 and IQT1724 strains, respectively.
